Glutamate interacts with ionotropic and metabotropic glutamate receptors (mGluRs). Whereas the entorhinal cortex (EC) is a principal structure involved in learning and memory, the roles of mGluRs in synaptic transmission in the EC have not been completely determined. Here, we show that activation of group II mGluRs (mGluR II) induced robust depression of glutamatergic transmission in the EC. The mGluR II--induced depression was due to a selective reduction of presynaptic release probability without alterations of the quantal size and the number of release sites. The mechanisms underlying mGluR II--mediated suppression of glutamate release included the inhibition of presynaptic release machinery and the depression of presynaptic P/Q-type Ca 21 channels. Whereas mGluR II--induced depression required the function of Ga i/o proteins, protein kinase A (PKA) pathway was only involved in mGluR II--mediated inhibition of release machinery and thereby partially required for mGluR II--induced inhibition of glutamate release. Presynaptic stimulation at 5 Hz for 10 min also induced depression of glutamatergic transmission via activation of presynaptic mGluR II suggesting an endogenous role for mGluR II in modulating glutamatergic transmission.
Introduction
Glutamate is the principal excitatory neurotransmitter in the brain where it interacts with ionotropic (NMDA, AMPA, and kainate) and metabotropic glutamate receptors (mGluRs) (Dingledine et al. 1999; Riedel et al. 2003) . Whereas the ionotropic glutamate receptors mediate the fast excitatory synaptic transmission, the mGluRs usually play a modulatory role in the brain. The mGluRs are G protein--coupled receptors that are linked to various intracellular second messenger cascades (Conn and Pin 1997; Pin and Acher 2002; Niswender and Conn 2010) . Group I mGluRs (mGluR 1 and mGluR 5 ) are coupled to G q/11 . Activation of these receptors results in the activation of phospholipase C (PLC) leading to an increase in intracellular Ca 2+ release and activation of protein kinase C (PKC) (Conn and Pin 1997; Pin and Acher 2002) . Group II (mGluR 2 and mGluR 3 ) and group III (mGluR 4 and mGluR 6--8 ) mGluRs are coupled to Ga i/o proteins. These 2 groups of receptors are negatively linked to adenylate cyclase (AC) leading to a reduction in the intracellular level of cyclic AMP and an inhibition of protein kinase A (PKA) (Conn and Pin 1997; Pin and Acher 2002) . The functions of mGluRs are involved in modulation of physiological functions such as synaptic plasticity, learning and memory, and neurological diseases including mental retardation, autism, Alzheimer's disease, Parkinson's disease, stroke, epilepsy, and drug addiction (Alexander and Godwin 2006; Luscher and Huber 2010; Niswender and Conn 2010) . However, the cellular and molecular mechanisms of mGluRs in these physiological functions and neurological disorders are not completely elucidated.
The entorhinal cortex (EC) is part of a network in the limbic system that is closely involved in the consolidation and recall of memories (Haist et al. 2001; Squire et al. 2004; Dolcos et al. 2005; Steffenach et al. 2005 ), Alzheimer's disease (Hyman et al. 1984; Kotzbauer et al. 2001) , schizophrenia (Falkai et al. 1988; Arnold et al. 1991; Joyal et al. 2002; Prasad et al. 2004) , and temporal lobe epilepsy (Spencer and Spencer 1994; Avoli et al. 2002) . Anatomically, the EC mediates the majority of the connections between the hippocampus and other cortical areas (Witter et al. 1989; . Afferents from the olfactory structures, parasubiculum, perirhinal cortex, claustrum, amygdala, and neurons in the deep layers of the EC (layers V--VI) converge onto the superficial layers (layer II/III) of the EC (Witter et al. 1989; Burwell 2000) , whereas the axons of principal neurons in layer II form the major component of perforant path that innervates the dentate gyrus and CA3 (Steward and Scoville 1976) and those of the pyramidal neurons in layer III form the temporoammonic pathway that synapses onto the distal dendrites of pyramidal neurons in the CA1 and subiculum (Steward and Scoville 1976; Witter, Wouterlood, et al. 2000) . The output from the hippocampus is then projected to the deep layers of the EC that relay information back to the superficial layers (Kohler 1986; Amaral 1998a, 1998b; van Haeften et al. 2003) and to other cortical areas (Witter et al. 1989) . The EC expresses mGluRs including mGluR 2 (Shigemoto et al. 1992; Ohishi et al. 1993b; Fotuhi et al. 1994) , mGluR 3 (Ohishi et al. 1993b; Fotuhi et al. 1994) , mGluR 4 (Phillips et al. 1997) , and mGluR 5 (Fotuhi et al. 1994) . Functionally, activation of group I mGluRs in the EC facilitates persistent firing (Yoshida et al. 2008) , inhibits glutamatergic transmission (Iserhot et al. 2004) , and exerts diverse effects on c-aminobutyric acid (GABA)ergic transmission (Deng et al. 2010) . Furthermore, activation of group III mGluRs enhances glutamate release (Evans et al. 2000 and depresses spontaneous inhibition . However, the actions of group II mGluRs (denoted as mGluR II thereafter) in the EC have not been explicitly determined although they are implicated in modulation of synaptic transmission (Iserhot et al. 2004 ). In the present study, we examined the effects of mGluR II on glutamatergic transmission in the EC. We focused on layer III pyramidal neurons for the following 2 reasons that are relevant to the functions of mGluRs in the EC. First, mGluRs modulate consolidation of memory (Riedel et al. 2003) , and the axons of the layer III pyramidal neurons form temporoammonic pathway, which is required for consolidation of memory (Remondes and Schuman 2004) . Second, both the EC (Spencer and Spencer 1994; Avoli et al. 2002) and the mGluRs (Alexander and Godwin 2006; Niswender and Conn 2010) are involved in epilepsy and selective loss of layer III pyramidal neurons in the EC has been observed in epileptic animals (Du and Schwarcz 1992; Du et al. 1993) highlighting the importance of these neurons in epilepsy. Our results demonstrate that activation of mGluR II induces powerful depression of glutamatergic transmission in the EC via inhibition of presynaptic glutamate release probability. Interaction with the release machinery and inhibition of presynaptic P/Q-type Ca 2+ channels contribute to mGluR II--induced depression, which requires the function of Ga i/o but partially depends on PKA pathway.
Materials and Methods
Slice Preparation Horizontal brain slices (400 lm) including the EC, subiculum, and hippocampus were cut using a vibrating blade microtome (VT1000S; Leica, Wetzlar, Germany) from 15-to 20-day-old Sprague Dawley rats as described previously ). Briefly, after being deeply anesthetized with isoflurane, rats were decapitated and their brains were dissected out in ice-cold saline solution that contained (in mM) 130 NaCl, 24 NaHCO 3 , 3.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 5.0 MgCl 2 , and 10 glucose, saturated with 95% O 2 and 5% CO 2 (pH 7.4). Slices were initially incubated in the above solution at 35°C for 40 min for recovery and then kept at room temperature (~24°C) until use. All animal procedures conformed to the guidelines approved by the University of North Dakota Animal Care and Use Committee.
Recordings of Synaptic Currents
Whole-cell patch-clamp recordings using an Axopatch 200B or 2 Multiclamp 700B amplifiers in voltage-clamp mode from in vitro entorhinal slices were used for experiments. Layer III pyramidal neurons in the medial EC were visually identified with infrared video microscopy and differential interference contrast optics Lei et al. 2007; Xiao et al. 2009 ). Recording electrodes were filled with the solution containing (in mM) 100 Cs-gluconate, 0.6 ethyleneglycol-bis(2-aminoethylether)-N,N,N#,N#-tetra acetic acid, 5 MgCl 2 , 8 NaCl, 2 ATP 2 Na, 0.3 GTPNa, 40 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, and 1 QX-314 (pH 7.3). The extracellular solution comprised (in mM) 130 NaCl, 24 NaHCO 3 , 3.5 KCl, 1.25 NaH 2 PO 4 , 2.5 CaCl 2 , 1.5 MgCl 2 , and 10 glucose (saturated with 95% O 2 and 5% CO 2 , pH 7.4) unless stated otherwise. Bicuculline (10 lM) was included in the extracellular solution to block GABA A receptors. To prevent the propagation of epileptic activity in the presence of bicuculline, a cut was made between layer III and layer V with a microknife (catalog number: RS-6242, Roboz Surgical Instrument Company, Gaithersburg, MD) under a microscope before the slices were transferred to the recording chamber. The holding potential was at -65 mV unless stated otherwise. AMPA receptor--mediated excitatory postsynaptic currents (EPSCs) were evoked by placing a stimulation electrode in layer III about 200 lm from the recorded neuron. The duration of the stimulation was 3 ms and the stimulation intensity was adjusted to evoke synaptic currents reliably at individual synapses. For the isolation of NMDA EPSCs, the extracellular solution contained 6,7-dinitroquinoxaline-2,3-dione (DNQX, 10 lM) to block AMPA/kainate receptors and bicuculline (10 lM) to block GABA A receptors, and the holding potential was at +40 mV. Series resistance was rigorously monitored by the delivery of 5-mV voltage steps after each evoked current. Experiments were discontinued if the series resistance changed by >15%. Miniature AMPA EPSCs (mEPSCs) were recorded from layer III pyramidal cells of the EC in the presence of tetrodotoxin (TTX, 1 lM). Data were filtered at 2 kHz, digitized at 10 kHz, acquired online, and analyzed after-line using pCLAMP 9 software (Molecular Devices, Sunnyvale, CA). The recorded mEPSCs were analyzed afterward using Mini Analysis 6.0.1 (Synaptosoft Inc., Decatur, GA). To avoid potential desensitization, one slice was limited to only one application of mGluR II agonist and only one cell was recorded from each slice.
Recordings of Evoked Field Potentials
The recording methods for evoked field potentials were described previously . Briefly, an extracellular recording pipette (2--5 MX) containing the extracellular solution was positioned in layer III of the EC and a concentric bipolar stimulation electrode (Frederick Haer and Company) was placed~200 lm from the recording electrode in layer III. Constant current pulses were delivered using a stimulus generator (WPI, Model A300) and a stimulus isolation unit (Model A360). The stimulation intensity was adjusted to obtain an amplitude of the field potentials within 50--80% of the maximal amplitude and was kept constant throughout the experiment. Evoked field potentials were filtered at 1 Hz and digitized at 10 kHz. The slopes of the evoked field potentials were measured using the program Clampfit (Axon Instruments).
Variance--Mean Analysis
Variance--mean (V--M) analysis was conducted by the methods described previously (Clements and Silver 2000; Clements 2003; Silver 2003) . AMPA EPSC amplitudes were measured as the peak current minus the mean baseline current immediately (averaged over 5 ms) preceding each stimulation artifact. Mean amplitude (M) was averaged from 60 successive EPSCs recorded in different extracellular Ca 2+ concentrations to alter release probability after stabilization of the EPSCs at each Ca 2+ concentration. V was calculated as the square of the standard deviation of the 60 EPSCs amplitudes in each condition after correction for baseline variance. To ensure that postsynaptic AMPA receptors were responding to a nonsaturating concentration of glutamate, which is a requirement of V--M analysis, all experiments were conducted in a low concentration of DNQX (100 nM). The relationship between V and M can be described by the equation: V = qM -M 2 /N, where q is the quantal size and N is the number of release sites.
Data Analysis
Data are presented as the means ± standard error of the mean.
Concentration--response curve of LY354740 was fit by Hill equation:
n ]}, where I max is the maximum response, EC 50 is the concentration of ligand producing a half-maximal response, and n is the Hill coefficient. Coefficient of variation (CV) was calculated by the equation, CV = SD/X, where SD is the standard deviation and X is the mean of 20 consecutive AMPA EPSCs. The paired-pulse ratio (PPR) was calculated as the mean P2/mean P1, where P1 was the amplitude of first evoked current and P2 was the amplitude of the second synaptic current, measured after subtraction of the remaining P1 ''tail'' current (Kim and Alger 2001; Lei and McBain 2003) . For mEPSC cumulative probability plots, events recorded for 4 min before LY354740 application and 4 min after the maximal effect of LY354740 were selected. Same bin size (100 ms for frequency and 1 pA for amplitude) was used to analyze data from control and LY354740 treatment. Kolmogorov--Smirnov test was used to assess the significance of the cumulative probability plots. Student's paired or unpaired t-test or analysis of variance was used for statistical analysis as appropriate; P values are reported throughout the text and significance was set as P < 0.05. N numbers in the text represent the number of cells examined unless stated otherwise. Chemicals LY354740, LY341495, (2S,2#R,3#R)-2-(2#,3#-dicarboxycyclopropyl) glycine (DCG-IV), DNQX, dl-2-amino-5-phosphonopentanoic acid (dl-AVP), KT5720, and MDL-12,330A were purchased from Tocris Cookson Inc. (Ellisville, MO). x-Conotoxin (x-CgTx-GVIA) and x-agatoxin IVA (x-Aga-IVA) were products of Alomone Labs (Jerusalem, Israel). GDPb-S and Rp-cAMPS were purchased from Enzo Life Sciences International, Inc. (Plymouth Meeting, PA). Other chemicals were products of Sigma-Aldrich (St Louis, MO).
Results

Activation of mGluR II Inhibits Glutamatergic Transmission but Does Not Modulate GABAergic Transmission in the EC
We initially tested the roles of mGluR II in glutamatergic transmission by recording evoked AMPA EPSCs from layer III pyramidal neurons in the EC. Bath application of LY354740 (3 lM), a specific agonist of mGluR II, for 5 min induced remarkable depression of the amplitudes of evoked AMPA EPSCs (19 ± 2% of control, n = 9, P < 0.001, Fig. 1A ). The inhibition of AMPA EPSCs occurred within a couple of minutes after the beginning of the application of LY354740 and persisted for at least 20 min (29 ± 6% of control, n = 9, P < 0.001, Fig. 1A ). To test whether LY354740-induced depression was mediated by mGluR II, we used LY341495, the specific antagonist for mGluR II. Bath application of LY341495 (3 lM) by itself did not significantly change AMPA EPSC amplitudes (n = 7, P = 0.23, Fig. 1B ) but completely blocked LY354740-induced depression (n = 7, P = 0.98, Fig. 1B ) demonstrating the requirement of mGluR II. The EC 50 value of LY354740 was measured to be 0.025 lM (Fig. 1C) . We used DCG-IV, another mGluR II agonist to further confirm the roles of mGluR II. Bath application of DCG-IV (3 lM) also inhibited AMPA EPSCs (38 ± 7% of control, n = 6, P < 0.001, Fig. 1D ). In the presence of mGluR II antagonist LY341495 (3 lM), bath application of DCG-IV failed to induce depression (95 ± 5% of control, n = 5, P = 0.43, Fig. 1D ). These data together demonstrate that activation of mGluR II depresses glutamatergic transmission in the EC.
The above experiments were performed in the presence of bicuculline to exclude the contamination of GABAergic inputs. However, in physiological condition, mGluR II function concurrently with full GABAergic activity and it is unknown whether mGluR II exert any effects on GABAergic transmission although we have shown previously that activation of mGluR II has no effects on spontaneous IPSCs in the EC (Deng et al. 2010) . We therefore initially measured the reversal potential of the evoked IPSCs induced by GABA A receptors with the same intracellular solution (Cs + -gluconate) but in the extracellular solution containing dl-APV (50 lM) and DNQX (10 lM) to block glutamatergic responses. The reversal potential for the IPSCs was measured to be -43.5 ± 1.8 mV (n = 5, Fig. 1E ,F) in our recording condition. We then recorded the evoked IPSCs at -70 mV using the same intracellular and extracellular solution and tested whether activation of mGluR II modulates GABAergic transmission. However, application of LY354740 (3 lM) failed to change the amplitude of evoked IPSCs significantly (99 ± 3% of control, n = 7, P = 0.69, Fig. 1G ) and subsequent application of bicuculline (10 lM) at the end of the experiments completely blocked the evoked IPSCs indicating that the recorded currents were mediated by GABA A receptors. These results collectively demonstrate that activation of mGluR II does not modulate GABAergic transmission, consistent with our previous results (Deng et al. 2010 ). Because we made a cut between layer III and layer V to prevent bicuculline-induced propagation of epileptic activity, one may wonder whether the traumatic effect of the cutting contributes to the depression induced by mGluR II. We therefore recorded the evoked field potentials in the absence of bicuculline and measured the slope of the evoked potentials to evaluate the effects of LY354740. No cut was made between layer III and layer V of the slices for this experiment. Under these circumstances, bath application of LY354740 (3 lM) still induced robust inhibition on the slope of the evoked potentials (13 ± 3% of control, n = 9, P < 0.001, Fig. 1H ) demonstrating that mGluR II--induced depression of glutamatergic transmission is unlikely due to the blockade of GABAergic response or the potential traumatic effects of the neurons.
Presynaptic Mechanism of mGluR II--Induced Depression of Glutamatergic Transmission in the EC
We next tested whether mGluR II--induced depression of glutamatergic transmission is presynaptic or postsynaptic by performing the following experiments. First, we measured the CV of AMPA EPSCs before and after the application of LY354740 or DCG-IV because changes in presynaptic transmitter release are usually concomitant with alterations in CV (Malinow and Tsien 1990; McAllister and Stevens 2000) . CV was significantly increased after application of LY354740
(control: 0.129 ± 0.019, LY354740: 0.322 ± 0.067, n = 6, P = 0.02, Fig. 2A ) or DCG-IV (control: 0.121 ± 0.066, DCG-IV: 0.263 ± 0.186, n = 6, P = 0.003, data not shown). Second, we measured the PPR of AMPA EPSCs before and after the application of LY354740 because a change in presynaptic release probability usually accompanies with an alteration of PPR (Zucker and Regehr 2002) . Application of LY354740 significantly increased the PPR (control: 0.549 ± 0.054, LY354740: 0.865 ± 0.035, n = 6, P = 0.001, Fig. 2B ). Third, we recorded NMDA EPSCs on the basis that if LY354740-induced depression of AMPA EPSCs via a presynaptic mechanism, it should also reduce NMDA EPSCs. Bath application of LY354740 (3 lM) also inhibited the amplitudes of NMDA EPSCs (27 ± 4% of control, n = 5, P < 0.001, Fig. 2C ). The CV of the NMDA EPSCs was also significantly increased after application of LY354740 (control:
0.068 ± 0.016, LY354740: 0.205 ± 0.042, n = 5, P = 0.006, Fig.   2D ). These data together indicate that mGluR II--induced depression is mediated by a reduction of presynaptic glutamate release. Further evidence to support a presynaptic effect of mGluR II was that the input resistance of the recorded postsynaptic layer III pyramidal neurons was not significantly altered after application of LY354740 in our recording conditions (control: 409 ± 30 MX, LY354740: 393 ± 18 MX, n = 6, P = 0.35, Fig. 2E ).
Whereas mGluR II--induced inhibition of glutamatergic transmission is due to a reduction of presynaptic glutamate release, it is still possible that the mGluR II agonists activate postsynaptic mGluR II to generate retrograde messenger(s) to inhibit presynaptic glutamate release. If so, postsynaptic application of the G protein inactivator, GDP-b-S, via the recording pipettes should inhibit postsynaptic mGluR II and block LY354740-induced depression because mGluR II are G protein coupled. We included GDP-b-S (4 mM) in the recording pipettes and waited for >20 min after the formation of whole-cell configuration to permit the dialysis of GDP-b-S. Under these circumstances, bath application of LY354740 (3 lM) still induced robust inhibition of AMPA EPSCs (29 ± 7% of control, n = 5, P < 0.001, Fig. 2F ) suggesting that it is unlikely that a postsynaptic retrograde messenger is involved.
NMDA Receptors and Presynaptic Stimulation Are Not
Required for mGluR II--Mediated Inhibition of Glutamate Release Activation of presynaptic NMDA receptors modulates glutamate release in the EC (Berretta and Jones 1996) and activation of mGluR II modifies NMDA receptor function (Tyszkiewicz et al. 2004) . Furthermore, NMDA receptors are required for mGluR II--induced long-term depression (LTD) in rat prefrontal cortex (Otani et al. 2002) . We therefore tested whether NMDA receptors are required for mGluR II--induced depression of glutamate release in the EC. In the presence of dl-AVP (100 lM), bath application of LY354740 (3 lM) still induced robust inhibition of AMPA EPSCs (34 ± 3% of control, n = 7, P < 0.001, Fig. 3A ). We then tested if mGluR II--induced reduction in glutamate release relies on presynaptic stimulation. After recording basal AMPA EPSCs, presynaptic stimulation was stopped and LY354740 (3 lM) was applied without presynaptic stimulation for 5 min. LY354740 was then washed out before stimulation was resumed. Application of LY354740 in the absence of synaptic stimulation still induced comparable depression of AMPA EPSCs (27 ± 4% of control, n = 5, P < 0.001, Fig.   3B ) indicating that presynaptic stimulation is not necessary for mGluR II--mediated reduction of glutamate release in the EC.
Selective Reduction of Release Probability Is Responsible for mGluR II--Mediated Depression of Glutamate Release Whereas our result that the PPR of AMPA EPSCs was increased after application of LY354740 suggests that the release probability (Pr) of glutamate is decreased, it is still possible that other mechanisms such as reductions of the quantal size (q) and/ or the number of release sites (N) are involved. We therefore performed V--M analysis to determine the potential changes of these parameters after mGluR II--induced depression. We varied the release probability by using 3 different ratios of Ca 2+ /Mg 2+ (4:1, 2:2, and 1:4 mM) in the extracellular solution. Under these conditions, the V--M relationship showed a parabola curve (Fig. 4A1) . However, when we used LY354740 at 3 lM, the V--M relationship became linear (Fig. 4A2) indicating that the Pr was remarkably reduced at high concentrations of LY354740 as documented previously (Clements and Silver 2000) . The linear relationship after application of high concentration of LY354740 prevented the determination of these parameters of synaptic transmission after mGluR II--induced depression of glutamate release (Clements and Silver 2000) . We therefore performed a series of preliminary experiments and chose the concentration of 0.05 lM at which the V--M relationship after application of LY354740 was parabola for this experiment. Figure 4B1 illustrated the variance of 20 successive AMPA EPSCs when they were stabilized at each concentration before and after the application of LY354740 (0.05 lM). Figure 4B2 showed the peak amplitudes of 60 AMPA EPSCs recorded at the steady state of each concentration of Ca 2+ before and after LY354740. As shown in Figure 4C1 (control) and Figure 4C2 (after LY354740), the V--M relationship obtained by varying [Ca 2+ ] o is parabolic. The point of intersection of the parabolic curve and the abscissa was used to calculate the maximum EPSC (EPSCmax) for individual neurons. Pr at a given Ca 2+ concentration was calculated as the mean EPSC divided by EPSCmax. For facilitation of comparisons across neurons, V--M relationships were normalized by dividing V and M by the EPSCmax estimated from the parabolic fit within individual neurons (Fig.  4D) . Depression of glutamate release induced by activation of mGluR II was associated with significant reduction of Pr (Fig.   4E ) without effects on q (control: 9.4 ± 2.7 pA, LY354740: 9.1 ± 2.5 pA, n = 5, P = 0.6) and N (control: 63.8 ± 21.4, LY354740: 61.2 ± 21.2, n = 5, P = 0.22) suggesting that mGluR II--induced inhibition of glutamatergic transmission is due mainly to a reduction of presynaptic glutamate release probability.
An alternative approach of measuring q is to record mEPSCs in the presence of TTX. We therefore recorded mEPSCs and tested the effects of LY354740 on mEPSCs. Bath application of LY354740 (3 lM) significantly reduced the frequency of mEPSCs (57 ± 9% of control, n = 6, P = 0.004, Fig. 5A --C,E) with no effects on the amplitude of mEPSCs (98 ± 5% of control, n = 6, P = 0.73, Fig. 5D,F) confirming that LY354740 has no effects on q. Because mEPSCs are not action potential dependent, the result that the frequency of mEPSCs after application of LY354740 was significantly reduced suggests that activation of mGluR II interacts with glutamate release machinery. The inhibitory effect of LY354740 on the frequency of mEPSCs (57 ± 9% of control, n = 6) was significantly smaller than that of LY354740 on evoked EPSCs (19 ± 2% of control, n = 9, P < 0.001, unpaired t-test) suggesting that the action of mGluR II on glutamate release machinery contributes but is not solely responsible for mGluR II--induced inhibition of glutamate release.
Inhibition of Presynaptic P/Q-type Ca
2+ Channels Contributes to mGluR II--Induced Reduction of Glutamate Release We next tested the roles of presynaptic Ca 2+ channels in mGluR II--induced inhibition of glutamate release because G protein--coupled receptors inhibit Ca 2+ channels (Herlitze et al. 1996; Ikeda 1996; Jarvis and Zamponi 2001) . Bath application of the N-type Ca 2+ channel blockers, x-conotoxin GVIA (x-CgTx-GVIA, 1 lM) irreversibly depressed AMPA EPSCs to 63 ± 5% of control (n = 5, P = 0.002, Fig. 6A ) and subsequent application of LY354740 (3 lM) still induced robust inhibition (22 ± 5% of control, n = 5, P < 0.001, Fig. 6A ). There were no statistically significant differences between the inhibition of AMPA EPSCs in control and that in the presence of x-CgTx-GVIA (P = 0.43, unpaired t-test). Furthermore, bath application of x-agatoxin IVA (x-Aga-IVA, 200 nM) inhibited AMPA EPSCs to 43 ± 6% of control figure. (B) Presynaptic stimulation was not necessary for mGluR II--mediated depression of glutamate release. Basal AMPA EPSCs were recorded first, and synaptic stimulation was stopped. LY354740 (3 lM) was applied for 5 min, and bath was washed for additional 5 min without synaptic stimulation. AMPA EPSCs were recorded again with the same stimulation intensity. Note that robust inhibition was still induced under these circumstances. (n = 5, P < 0.001, Fig. 6B ) and subsequent application of LY354740 (3 lM) induced a statistically smaller magnitude of depression (63 ± 5% of control, n = 5, Fig. 6B ) compared with the extent of inhibition in control condition (P = 0.002, unpaired t-test). These data suggest that inhibition of P/Q-type Ca 2+ channels contributes to mGluR II--induced depression of glutamate release. Together, we conclude that activation of mGluR II inhibits glutamate release via inhibitions of both the release machinery and the presynaptic P/Q-type Ca 2+ channels.
Signaling Mechanism
Because mGluR II are coupled to Ga i proteins (Conn and Pin 1997; Pin and Acher 2002) , we tested whether the function of Ga i proteins is required for mGluR II--induced inhibition of glutamate release by applying the Ga i/o inhibitor, pertussis toxin (PTX). Slices were pretreated with PTX (5 lg/mL) for~10 h and application of LY354740 (3 lM) to the pretreated slices failed to inhibit AMPA EPSCs (103 ± 8% of control, n = 5, P = 0.75, Fig. 6C ).
However, application of LY354740 (3 lM) to the slices undergone the same fashion of treatment without PTX still induced robust inhibition (31 ± 9% of control, n = 5, P = 0.002, Fig. 6C ).
These data collectively indicate that Ga i proteins are required for mGluR II--induced inhibition of glutamate release. Activation of Ga i proteins mediated by mGluR II results in depression of AC and subsequent inhibition of PKA (Conn and Pin 1997; Pin and Acher 2002) . We next tested whether AC and PKA are involved in mGluR II--induced reduction of glutamate release. Slices were pretreated with the AC inhibitor, MDL-12,330A (50 lM) for~1 h, and the bath was continuously perfused with the same concentration of MDL-12,330A. Under these circumstances, application of LY354740 (3 lM) induced a smaller magnitude of depression (66 ± 5% of control, n = 6, P < 0.001 vs. the depression in control condition, Fig. 6D ). We also tested the role of PKA in mGluR II--induced inhibition. Slices were pretreated with the selective PKA inhibitor, KT5720 (1 lM) for~1 h, and the bath was continuously perfused with the same concentration of KT5720. In the presence of KT5720, the extent of mGluR II--induced depression of AMPA EPSCs was also significantly reduced (60 ± 9% of control, n = 6, P < 0.001 vs. the extent of inhibition in control condition, Fig. 6D ). We also used another specific PKA inhibitor, Rp-cAMPS. Slices were preincubated with Rp-cAMPS (100 lM) for~1 h, and the same concentration of Rp-cAMPS was bath applied before and during the application of LY354740 (3 lM). In this condition, the magnitude of mGluR II--induced depression was significantly reduced (57 ± 6% of control, n = 6, P < 0.001 vs. the inhibition in control condition, Fig. 6E ). These results suggest that PKA pathway partially contributes to mGluR II--induced depression of glutamate release.
Our results demonstrate that mGluR II--induced inhibition of glutamate release involves 2 mechanisms: inhibition of presynaptic P/Q-type Ca 2+ channels and direct interaction with the release machineries. Because PKA pathway is only partially required for mGluR II--mediated depression, it is unlikely that PKA is involved in both mechanisms. Accordingly, we tested which of the 2 mechanisms is related to the function of PKA. If PKA is not involved in mGluR II--induced inhibition of P/Q-type Ca 2+ channels but responsible for mGluR II--mediated interaction with the release machinery, coapplication of x-Aga-IVA and Rp-cAMPS would inhibit P/Q-type Ca 2+ channels and the interaction with the release machinery, respectively, thereby obviating the contributions of P/Q-type Ca 2+ channels and release machinery. In this situation, bath application of LY354740 would not induce inhibition or at least induces a smaller scale of inhibition on glutamate release. Conversely, if PKA is responsible for the mGluR II--induced inhibition of P/Qtype Ca 2+ channels, coapplication of x-Aga-IVA and Rp-cAMPS would act on the same target, P/Q-type Ca 2+ channels, with no actions on the release machinery. Under these circumstances, bath application of LY354740 would still induce a comparable magnitude of depression. Because the inhibition of x-Aga-IVA on P/Q-type Ca 2+ channels is irreversible, we pretreated slices with Rp-cAMPS (100 lM) and x-Aga-IVA (200 nM) for~1 h, and the same concentration of Rp-cAMPS was bath applied before and during the application of LY354740 (3 lM). In this condition, bath application of LY354740 (3 lM) induced a significantly smaller extent of inhibition (85 ± 5% of control, n = 8, P = 0.02 vs. the inhibition in the presence of x-Aga-IVA alone, Fig. 6F ). These results suggest that PKA is not involved in mGluR II--induced inhibition of P/Q-type Ca 2+ channels but responsible for the mGluR II--mediated interaction with the release machinery. Consistent with our results, activation of PKA pathway has been shown to facilitate exocytosis processes (Trudeau et al. 1998; Evans and Morgan 2003; Nagy et al. 2004; Seino and Shibasaki 2005) .
If mGluR II inhibits the release machinery by downregulation of PKA activity, functional upregulation of this pathway should increase mEPSC frequency. Application of forskolin (20 lM), an AC activator, significantly increased the frequency (164 ± 11% of control, n = 5, P = 0.004, Fig. 7A1 ) without effects on the amplitude (97 ± 3% of control, n = 5, P = 0.42) of mEPSCs. To test whether the function of PKA was involved in forskolininduced enhancement of mEPSC frequency, slices were pretreated with KT5720 (1 lM), the selective PKA inhibitor, and the same concentration of KT5720 was continuously bath applied. In this situation, application of forskolin (20 lM) failed to alter the frequency (101 ± 14% of control, n = 8, P = 0.76, Fig. 7A2 ) and amplitude (106 ± 9% of control, n = 8, P = 0.51) of mEPSCs demonstrating that the effect of forskolin was mediated via activation of PKA. Similarly, bath application of 3-isobutyl-1-methylxanthine (IBMX) (500 lM), a phosphodiesterase inhibitor, also significantly enhanced the frequency (238 ± 41% of control, n = 5, P = 0.02, Fig. 7B1 ) with no effects on the amplitude (109 ± 8% of control, n = 5, P = 0.32) of mEPSCs and treatment of slices with KT5720 blocked the effects of IBMX (111 ± 10% of control, n = 5, P = 0.36, Fig. 7B2 ). We finally tested whether downregulation of PKA function changes mEPSCs. Bath application of KT5720 (1 lM) significantly inhibited the frequency (35 ± 9% of control, n = 7, P < 0.001, Fig. 7C ) without effects on the amplitude (95 ± 6% of control, n = 7, P = 0.49) of mEPSCs. Likewise, bath application of MDL-12,330A (50 lM) reduced the frequency (33 ± 8% of control, n = 5, P = 0.001, Fig. 7D ) without effects on the amplitude (116 ± 14% of control, n = 5, P = 0.323) of mEPSCs. These data together demonstrate that mEPSC frequency is under the tonic control of PKA function.
Activation of Group II Metabotropic Glutamate Autoreceptors by Endogenously Released Glutamate Inhibits Glutamatergic Transmission
We finally tested the roles of endogenously released glutamate on mGluR II--induced inhibition of glutamatergic transmission.
Whereas application of low-frequency stimulation (1 Hz) induces inhibition of glutamatergic transmission in the form of LTD which is either NMDA receptor dependent or mGluR dependent at individual synapses (Yokoi et al. 1996; Domenici et al. 1998; Tzounopoulos et al. 1998; Cho et al. 2000) , application of this stimulation protocol in the EC induces NMDA receptor--dependent LTD (Solger et al. 2004; . Because the difference of the protocols to induce NMDA receptor--dependent and mGluR--dependent LTD is subtle (Cho et al. 2000) , we tried another stimulation protocol (5 Hz for 10 min) to test the roles of mGluR II in glutamatergic transmission. Synaptic stimulation at this frequency has been shown to induce mGluR-dependent LTD (Oliet et al. 1997) . The extracellular solution was supplemented with dl-APV (100 lM) and bicuculline (10 lM). Under these circumstances, application of the stimulation protocol (5 Hz for 10 min) inhibited AMPA EPSCs (43 ± 7% of control, n = 7, P < 0.001, Fig. 8A ). The CV of the AMPA EPSCs was significantly increased after application of the stimulation protocol (control: 0.157 ± 0.032, after stimulation protocol: 0.308 ± 0.044, n = 7, P < 0.001) suggesting a presynaptic mechanism. In the presence of LY341495 (1 lM), application of the stimulation protocol did not induce the semipersistent depression of AMPA EPSCs (98 ± 6% of control, n = 8, P = 0.79, Fig. 8B ). These data demonstrate that activation of mGluR II by endogenously released glutamate also inhibits glutamate release in the EC.
Discussion
Although immunoreactivity for mGluR II has been detected in the EC, the function of mGluR II in synaptic transmission and plasticity in the EC has not been rigorously tested. We demonstrate that activation of mGluR II inhibits glutamatergic transmission without effects on GABAergic transmission onto layer III pyramidal neurons in the EC. The depression induced by activation of mGluR II is mediated by a reduction of presynaptic glutamate release but independent of NMDA receptors and presynaptic stimulation. V--M analysis indicates that mGluR II--mediated depression of glutamatergic transmission is due to a selective reduction of glutamate release probability with no alterations of quantal size and the number of release site. Inhibitions of presynaptic release machinery and P/Q-type Ca 2+ channels are required for mGluR II--mediated depression of glutamate release. PKA pathway is only partially involved in mGluR II--induced depression of glutamate release possibly by acting on the release machinery downstream of the Ca 2+ influx. We further demonstrate that activation of mGluR II by endogenously released glutamate also induces depression of glutamatergic transmission in the EC.
Whereas mGluR II--mediated inhibition of glutamatergic transmission in the form of LTD has been observed at the hippocampal mossy fiber--CA3 (Yokoi et al. 1996; Domenici et al. 1998; Tzounopoulos et al. 1998) , medial perforant path--dentate gyrus (Huang et al. 1999) , the prefrontal cortex (Otani et al. 2002) , the perirhinal cortex (Cho et al. 2000) , and amygdala (Lin et al. 2000) synapses, the locus of mGluR II--mediated inhibition of glutamatergic transmission is not consistent in these studies. Both presynaptic (Tzounopoulos et al. 1998; Kobayashi et al. 1999; Lin et al. 2000) and postsynaptic (Huang et al. 1999; Cho et al. 2000; Otani et al. 2002) mechanisms have been described for mGluR II--induced depression of glutamatergic transmission. Our results demonstrate that the location of mGluR II--mediated depression of glutamatergic transmission in the EC is presynaptic based on the following bodies of evidence. First, the CV of AMPA EPSCs was significantly increased after mGluR II--induced depression. Second, PPR was also significantly enhanced after application of LY354740. Third, mGluR II--mediated depression was observed when NMDA EPSCs were used as an indicator to assess synaptic transmission. Finally, when GDP-b-S was applied to the postsynaptic cells via the recording pipettes to inhibit the function of postsynaptic mGluR II, mGluR II--mediated depression was still observed.
Activation of mGluR II by glutamate initiates the exchange of GDP for GTP on the Ga i/o subunit, allowing the dissociation of the G bc subunit. Ga i/o then inhibits AC resulting in a decreased level of cAMP and depression of PKA (Conn and Pin 1997; Pin and Acher 2002) to mediate biological effects, whereas Gbc directly interacts with intracellular effectors such as ion channels. Our data demonstrate that the function of Ga i/o is required for mGluR II--induced depression of glutamate release because pretreatment of slices with the selective Ga i/o protein inhibitor, PTX, counteracted mGluR II--induced inhibition of glutamate release. We have further demonstrated that activation of mGluR II induces depression of glutamate release via 2 distinct mechanisms including inhibition of presynaptic P/Qtype Ca 2+ channels and direct interaction with presynaptic release machinery. Inhibition of AC--cAMP--PKA pathway only partially blocked mGluR II--mediated inhibition suggesting that this pathway is involved in only one mechanism. Furthermore, elevation of AC--cAMP--PKA pathway facilitated, whereas downregulation of this pathway depressed mEPSC frequency suggesting that mEPSC frequency is under tonic control of AC--cAMP--PKA pathway. Because mEPSCs represent an action potential-or Ca 2+ -independent process of release, these results suggest that activation of the AC--cAMP--PKA pathway directly interacts with the exocytotic machinery to facilitate glutamate release. Consistent with our results, AC--cAMP--PKA pathway has been shown to enhance exocytosis via a direct action on the secretory machinery in a variety of secretory cells (Trudeau et al. 1998; Evans and Morgan 2003; Nagy et al. 2004; Seino and Shibasaki 2005) .
The second mechanism underlying mGluR II--induced reduction of glutamate release is the inhibition of presynaptic P/ Q-type Ca 2+ channels. Our results suggest that this process is not dependent on the AC--cAMP--PKA pathway. Consistent with our results, numerous studies have shown that inhibition of presynaptic Ca 2+ channels by G protein--coupled receptors is mediated directly by Gbc subunits (Herlitze et al. 1996; Ikeda 1996; Jarvis and Zamponi 2001) .
In the present study, we focused on the effects of mGluR II on synaptic transmission and found that activation of mGluR II does not modulate GABAergic transmission but exerts powerful inhibition on glutamatergic transmission onto layer III pyramidal neurons. However, the effects of group I and group III mGluRs on synaptic transmission in the EC are more complicated. For example, activation of group I mGluRs facilitates the frequency and amplitude of spontaneous IPSCs but depresses the amplitudes of evoked IPSCs in the EC (Deng et al. 2010) . Similarly, activation of group III mGluRs depresses the amplitudes of evoked EPSCs but increases the frequency of spontaneous EPSCs in layer V neurons of the EC (Woodhall et al. 2007 ) via interactions with PKA and PKC . Furthermore, activation of group III mGluRs suppresses spontaneous IPSCs in layer V neurons but not in layer II neurons Deng et al. 2010) . The discrepancy of the biological effects of mGluRs may be due to the selective distribution of mGluRs in different layers of the EC.
Whereas the EC is a key structure involved in the consolidation and recall of memories (Haist et al. 2001; Squire et al. 2004; Dolcos et al. 2005; Steffenach et al. 2005) , and high density of mGluR II has been detected in the EC (Shigemoto et al. 1992; Ohishi et al. 1993a Ohishi et al. , 1993b Fotuhi et al. 1994) , the roles of mGluR II in memory have not been determined. Prolonged antagonism of mGluR II results in the appearance of spatial memory deficits (Altinbilek and Manahan-Vaughan 2009) demonstrating that mGluR II are involved in modulating memory. We have demonstrated that presynaptic stimulation at 5 Hz within the theta frequency (4--12 Hz) induces depression of glutamatergic transmission via activation of mGluR II. Theta oscillations are associated with memory (Buzsaki 2002 (Buzsaki , 2005 Hasselmo 2006 ) and are found in the EC (Alonso and Llinas 1989; Burton et al. 2008) . Whether mGluR II--mediated depression of glutamate release plays a role in mGluR II--mediated modulation of memory still remains to be investigated in the future. 
